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A self-consistent dynamical mechanism is suggested which appears to be compatible with
conventional ideas about relativistic field theory, and which prevents the appearance of the
quanta of the field in outgoing or incoming scattering states. A model calculation is pro-
vided which illustrates the mechanism. The model produces a spectrum of conventional
hadron states which corresponds to an infinitely rising Regge trajectory. All states are
physical. When SU(3) internal quantum numbers are included, it is argued that the mech-
anism is stable only if the physical states have zero triality.

I. INTRODUCTION

During the past decade, all the experimental evi-
dence accumulated about hadrons has indicated that
they are composite. The theoretical pictures which
have been successful in accounting in some way for
a range of phenomena have also incorporated a
description of the particles which could be called
a composite one. We list, very briefly, the out-
standing theoretical pictures which include this
feature. We have first the S-matrix bootstrap
mechanism.! In this context, it became clear that
the particle states should be on Regge trajectories,
just as bound states in the nonrelativistic Schro-
dinger equation. Next, the SU(6) ideas? were most
consistently developed in terms of a nonrelativis-
tic bound-quark model.> The formulation of cur-
rent algebra* is also most easily seen to be con-
sistent if the currents are formed from quark field
operators, with commutation relations which are
like those of free fields. I this is so, then the
hadron matrix elements should acquire their struc-
ture through that in the “states”; that is, one
should have composite hadrons. The asymptotic
behavior of the elastic® and inelastic® hadron form
factors has been qualitatively accounted for in a
simple way in a model in which the photon inter-
acts with a structureless virtual current inside
the hadron. The asymptotic form is obtained by
requiring the appropriate behavior of the bound-
state wave function at short distances.

Finally, if the hadrons lie on infinitely rising
Regge trajectories,”® there is suggested a com-
posite model of hadrons made from quarks moving
in an infinitely deep potential well. The latter fea-
ture could also account for the absence of free
quarks in the world.®

We therefore ask whether it is possible to con-
struct a consistent relativistic model of a deep po-
tential well. In this paper, we should like to sug-
gest one possible mechanism which could accom-

s

plish this. Our aim is the development of a com-
posite model of hadrons composed of quarks which
cannot escape (be created) in the collisions of
physical hadrons. This process will not be for-
bidden by internal-symmetry properties or any
kinematic restriction on the quark mass. Indeed,
the model mechanism will be consistent with very
light quarks such as those favored by quark-model
theorists. The paper will be organized as follows:
In Sec. II we review well-known facts about in-
finitely deep wells in the Schrddinger equation. In
Sec. III we suggest how these features can be gen-
eralized to relativistic field theory. In Sec. IV we
apply the idea to a simple model, and in Sec. V we
complete the asymptotic spectrum in the model. In
Sec. VI we discuss the self-consistency of our
mechanism. In Sec. VII we discuss the SU(3) struc-
ture and indicate how the dynamics is stable if

the ordinary hadrons have triality zero.

II. NONRELATIVISTIC WELLS WITH
OSCILLATOR WALLS

In.order to motivate the development of the rela-
tivistic picture of a deep well, we should like to
review trivial and well-known facts about the non-
relativistic Schrédinger equation. The purpose ‘
will be solely to help to orient the reader when we
discuss the real problem. The transition from the
nonrelativistic context to the relativistic is often
easiest if one works in momentum space nonrela-
tivistically. Therefore, we write the Schréodinger
equation for a particle interacting with a potential
V:

E-L)ual0)= [ ELVp-ala). @)
2m ) E (27)® B
In the case of finite-range forces, the potential
V() is regular at zero momentum transfer, i.e.,

V(0) is finite. Consequently, no care is required
in the integration of the right-hand side at p=q.
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However, since when E >0 the right-hand side of
(2.1), in general, has no desire to vanish when
p%=2mE, a pole is produced in ¥z(p) at p2=2mkE.
The residue at the pole, that is, the right-hand
side of (2.1), evaluated at p>=2mE, is the scatter-
ing amplitude. This is the asymptotic amplitude of
the coordinate-space wave function at large dis-
tances from the potential. Since we must integrate
over the pole to solve (2.1), boundary conditions
are required to specify the integration path and to
characterize the degeneracy of the eigenstate.
These determine whether we have an incoming or
outgoing particle amplitude associated with a given
final or incident direction (or angular momentum).
However, when the potential at long distances is
singular, V(%) diverges at £#=0. In this case, the
arguments in the preceding paragraph must be
modified. For simplicity, let us suppose that in
coordinate space V diverges like ar® as 7 -,
We may then separate V into two parts:

Vr) = Vg ) + ar?, (2.2)

where we assume that Vg (r) falls exponentially as
7 -, (SR indicates the short-range part.) At
short distances, V and Vg are identical. In this
case, in momentum space,

V(k) = Vgg (R) — (27)2V,26C)(R), (2.3)
where Vg (0) is finite. Equation (2.1) becomes

(5 - £5)valn)=-a, 240

+f@% Vs (P —q)lb,g(q).(2 Y

We now see that there is no reason for a singular-
ity to develop in ¥z(p) when p®>=2mE, since the
right-hand side of (2.4) can adjust to the vanishing
of the left-hand side. We find instead that since
(2.4) is a differential equation in p, boundary con-
ditions at p =0 and p ==, the singular points of the
operator V2, are required for a solution. Near
p=0, the Vg contribution in (2.4) is negligible but
the momentum-space centrifugal barrier con-
tained in V,? dominates. When we impose the
boundary condition that ¥ remains finite at p =0,
we eliminate one of the two solutions of (2.4). If
we then trace this solution to p =», we find in gen-
eral an exploding (Gaussian) exponential solution,
dominated by the singular part of V,? and the kinet-
ic energy. If we impose the finite-boundary condi-
tion at p =, it cannot be satisfied except for spe-
cial values of E. This leads to the discrete spec-
trum of eigenvalues in the well. However, when E
is so chosen, the actual form of the wave function
as p - is governed by the second term in (2.4),
the short-range potential, because in this case the

o

oscillator potential gives an exponentially small
contribution. That is, the spectrum of the states is
fixed predominantly by the long-range part of V
while the actual form of the wave function as
p -~ is governed by the short-range part of V.

We note, of course, that when p%=2mE

(E =p*/2m)dg(p)=0.

Hence, there is no asymptotic free wave function
in coordinate space; the transition matrix vanishes
identically.

In the next section, we shall study how all of
these ideas can be taken over directly in a rela-
tivistic context.

III. THE RELATIVISTIC WELL WITH
OSCILLATOR WALLS

Let us consider a relativistic field theory model
with ¢(x) standing for the quark field operator.
Since our mechanism will be dynamical, let us
suppress spin and internal quantum numbers for
the moment. We shall discuss these in Sec. VII.

We shall suppose the dynamics is characterized
by

(=02 + m?)q(x) = I(x)q(x) . (3.1)

In (3.1), m stands for the physical mass of the
quark. I(x) is an operator formed as a function of
q(x) and the other fields to which the system is
coupled. It will be taken as a local, relativistic
operator, as is g(x). The ideas in this paper are
meant to be completely conventional. Let us sup-
pose that the eigenstates of the Hamiltonian of the
system fall into two categories, “good” states |G)
and “bad” states |B). (These will later be dis-
tinguished by internal quantum numbers.) The
good states are the sorts of ordinary hadron states
which are present in the world. The bad states, on
the other hand, will contain ordinary hadrons and
other things which do not exist in the world. In
our model, it should be impossible to produce bad
states through collisions of good states which are
initially asymptotically separated. Thus, we shall
try to ensure that amplitudes like ( B, B’ out|G)
vanish. Here B, B’ are an asymptotically separated
pair of bad states with a total “good” quantum
number. The bad and good states will only be con-
nected by the quark field operator g(x). We shall
assume that '

(BlqlG)+#0
but
(GlqlG’)=0 and (Blq|B’)=0.

(The assumption that ( B|q|B’) =0 will be modified
in the more realistic model when we incorporate
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the internal symmetry explicitly.)
If we apply (3.1) to the calculation of

(BlqglG),

we find the equation
(~u+m?){Blq|G)=(B|Iq|G)

=§(BII|B’><B'|KI|G>,
(3.2)

where only | B) states occur as a consequence of
the assumption that (G’ |¢|G)=0. In (3.2), u

= ~(B ~G)? is the virtual mass squared of the
quark. In analogy with the situation in the non-
relativistic Schrddinger equation (2.1), we ask
whether it is possible to have the vanishing of the
left-hand side of (3.2) at the position of the physi-
cal quark mass compatible with the right-hand
side. We conjecture that it will be if the operator
I has matrix elements between bad states which
are sufficiently singular so that the right-hand
side involves differential operators in the variable
u. This circumstance will be exactly analogous
to the same situation in the nonrelativistic
Schrddinger equation described in Sec. II. I we
can accomplish this, then the matrix elements
(B, qout|G) and { B|G, ¢in) will vanish identically.
[They would be proportional to (—u + m?)

X {B|qiG)|,-n2=0.] Thus it will be impossible

to generate free quarks or the bad eigenstates of
the Hamiltonian by a process which involves an
incoming good state. Naturally, the same con-
siderations must also apply to the antiquark oper-
ator. For simplicity, in the naive model we as-
sume total neutrality. We shall discuss the more
realistic case which includes SU(3) in Sec. VII.

We now ask whether or not it is contradictory to
assume that the operator I is singular enough be-
tween bad states so that the right-hand side of
(3.2) contains a differential operator inu.

Clearly, the simplest possibility will result if
the same channel is involved on the right-hand
side of (3.2) as occurs on the left-hand side. Thus,
we assume that the place where it is most reason-
able to have a singularity is in the elastic matrix
elements of I between bad states. Therefore, we
suppose when mg?=mp> that (B|I|B’)is so
singular at #=—(B — B’)?>=0 that the effect of the
integration over B’ in (3.2) produces a differential
operator in ». Since, when myg=myg, ¢t is always
negative in the integration over B’, it becomes
zero only when u’=—(B’' —G)?>-u, that is, where
the virtual quark scatters elastically from the
“potential” I. Naturally, the singularity in the
matrix element of I at £=0 cannot be associated
with a real threshold at £=0, since zero-mass par-

ticles can play no role in hadronic processes.
Consequently, the singularity in I at ¢ =0 must be
a consequence of compositeness, that is, it must
be analogous to (but will not be) a so-called anoma-
lous threshold. In our simple model, this com-
positeness will be associated with the fact that the
bad states are composed of a virtual quark and
good particles. As a consequence of the good par-
ticles being on infinitely rising Regge trajectories,
the bad states will have singular form factors at
t=0 (see Sec. VI).

In summary, we conjecture that the role of the
oscillator well in a relativistic theory is played by
a set of states B, with singular (at £=0) elastic
matrix elements of the interaction I. We know of
no work in relativistic quantum theory which says
that such a singularity violates a sacred principle.
That is, such a singularity is compatible with
totally conventional ideas. The states with such
singular form factors will then not appear in the
real world, since a quark will be glued on them.
This bound system will be a resulting physical
state. It will be on an infinitely rising trajectory
corresponding to the excitations of the quark in
the well. In the next section, we shall study what
some of the consequences of such an assumption
will be, in the context of our simple model.

IV. A SIMPLE RELATIVISTIC MODEL
WITH OSCILLATOR WALLS

To illustrate the idea, we shall make a simple
model calculation. We assume that g(x) is a spin-
less field and that we wish to solve (3.2) for those
states G which are massive. We assume that these
occur as a consequence of a #=0 singularity in the
elastic’® matrix element

(Bl1|B"), (4.1)

where mg=myg. We shall assume initially that
there is only one spinless-particle state |B) .

We suppose that as £ -0, the matrix element
(4.1) has the form

N 5 13 ia 1
81118 =2myms? tim () (4.2)

=dntymg® - 07GT),  (4.3)

where {=—-(B —B’)?. This form is motivated by
the potential

,rze—ur_ _22_36_’”
47~ \ou) 4ur’
where

e M 1

47y pZ-t
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as a function of ¢.

In order to compute the resulting asymptotic
spectrum we omit all other matrix elements,
since the mass of the asymptotic states should be
dominated by the #=0 singularity in . We shall
assume that the state |G) has spin J. Then the
wave function (B| ¢|G,J) will have the form

(BlqlG,J)=q"@)T},...,.,(Bs), (4.4)

where T} ..., (B;) is a totally symmetric traceless
tensor of rank J formed using the unit vector

J

§
~ B-GG* 1
Bt=(BH
(o5 o
(4.5)
Further, G, T}... ;... ., =0. We normalize 77 so
that
e, Bo) T ey (BE) =P (Bg - Bg) (4.6)

where P;(z) is the ordinary Legendre polynomial.
We insert (4.4) into (3.2), written in the form

(=u+m?){Blq|G)= f ?% 8(B"°)6(B"*+mg®)(B|I|B'){B’| q|G) +channels with mg, # my, 4.7

and then drop other channels and the matrix elements of I for ¢#0. Thus we obtain with (4.3) for I

(~u+mP)q @) =mg®y [[(mc +mp)? = u][(mg — mp)? - u]<—i>2 =3(mg? + mp* - u)a—al; .

4mpime?J(J +1)

3

ou 4

- [(mp +mg)* — u][(mg — mg)? - ul

Since the right-hand side of (3.2) now contains a
differential operator in u, (—u +m?){B|q|G) van-
ishes identically at » =m?. We might say that the
differential operator has made the free-quark pole
ineffectual. Therefore, (B, gout|G) and
(B|G,gin) vanish identically. The quarks cannot
get out.

The range of # relevant to the calculation of the
matrix element (B| ¢|G) is

—0<y < (mg—mg)?. (4.9)

Another range of « is physical, namely,

(mg +mg)isu<eo. (4.10)
We shall postpone for the moment the discussion
of the second “crossed” range.

The differential equation (4.8) has two regular
singular points, u =(m; + mp)?, and an irregular
singular point at # =«. Nothing special occurs at
the position of the quark mass u =m?. As u — —x,
the solutions of (4.8) become

2 u \!'?
s (-3) ]
We must choose the bounded solution,
2 u 1/2
w55 (-5)

If we integrate this form back to the singular point,
u =(mg — mgy)?, we will find, in general, an un-

}ﬂ(u). (4.8)

bounded function. We quantize the mass spectrum
of the states G, so that ¢ is finite at »

=(mg —mg)?. This is exactly analogous to the
situation in the nonrelativistic Schrédinger equa-
tion. Naturally, we may also study (4.8) in the
range (4.10). These solutions may be interpreted
as the “crossed” matrix elements, (0|q|B,G),
for example. In this domain, both asymptotic
solutions,

22‘ u 1/2
=g (5) |

are allowed. We must choose the linear combina-
tion which remains finite at the other regular
singular point, u =(myg +mg)®. No quantization is
required since both solutions at the irregular
singular point u =~ are allowed. However, the
solution that we obtain in this fashion will not, in
general, be the “crossed” version of the solution
obtained in the other range (4.9). Crossing sym-
metry will, therefore, in general, be violated when
the crossing involves the B and G channels.

V. ASYMPTOTIC SPECTRUM

To calculate the mass spectrum which results
from the boundary conditions on ¢’ described
above, it is convenient to use the dimensionless
variable z,

2mpmgz =mg? +mg? - u, (5.1)
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which runs over a range independent of m;, namely, for the bound-state channel, % - —w, 1<z <, and
for the crossed channel, —» <z < -1, The differential equation (4.8) becomes

mY me\ omMe 1 g _ [ 2 CAY 2 3 _JU+1)] ,

[<m3> 1 <WI«3> +2m5 ZJq —7[(2 _1)(3/5) +3z 5:4—4——22-1 ]q . (5_2)
If we let

7 1

q =zz—2_’__1‘5'3ﬁQJ:

we eliminate the 8/6z term in (5.2) to obtain the equation

m \2 me N2 mg _ 8¢ JI+1)-317 .,

(o) 1= (e) 2z el vl - 252 e 9
This differential equation has resisted being related to one of the standard equations in mathematical phys-
ics. However, since (5.3) can be reasonably expected to describe correctly only the massive states which
are most sensitive to the =0 singularity in 7, a WKB quantization should give all the accuracy one could
reasonably expect to make any sense.

The solution in the domain 1<z < » is governed by an exponentially falling wave function at z =« and a
solution finite at z=1. If we apply the standard WKB method to join these, we find as a consequence the
eigenvalue condition on g,

@ =17 + y P (5.4)

n +%)_”=fz+ dz[- JJ+1) -3 1 <-(m/ma)2 +1+(mg/mp)? ‘Z(ma/ma)z>:| 12 )
z

z, labels the turning points. This rule should give reliable results for the limiting cases, J large, n ar-
bitrary, or n large, J arbitrary, where arbitrary means large or small. In Regge terminology, » =0 labels
the leading trajectory, and n= 1 labels the daughters. The case where both » and J are large, which will
be important to obtain quantitative results in the next section, has not been dealt with so far. However,
when #n is fixed and J is asymptotic or when J is fixed and » is asymptotic, approximations may be made to
the integrand of (5.4) which allow a simple analytic evaluation. The results!! are

2 1
::Zz =Ty (1 + (34 %—2—> , J>n (5.5a)

and

mg? ymin?

mg?  [In(8Vy m2n?/J) +2+0(InInn) 2’

n>J>1. (5.5b)

It is encouraging to note that the leading Regge trajectory, as well as that of all the daughters, becomes
linear as J -, However, the linearity occurs in the asymptotic region when all the daughters merge with
the mother.

If we study the other region, z < -1, which corresponds to the crossed channels (0| ¢|B, G) (or
(B,G|ql0)), we see that the solution obtained for the region z = 1 is not relevant, since it is not finite at
the singular point z = -1 in general. In this channel, we solve the differential equation with the finite solu-
tion at z =—1. The asymptotic form for large z is then of the form asin(V—z) +bcosv=z. Therefore, no
quantization condition is required. The amplitude corresponds to an asymptotic state consisting of a bad
particle and an incoming (or outgoing) physical hadron. There will be an infinite set of such bad states
corresponding to all possible physical hadrons which result from the quantization in the negative~-z chan-
nel. Approximate wave functions may again be obtained with the WKB method. This channel is relevant for
the calculation of contributions to the absorptive part of the quark field propagator,

(0] T(g(x)q(0))|0) .

The asymptotic form of the absorptive part of this for large mass can be computed using the WKB wave
functions. It is, of course, natural to assume that the lowest-mass bad particle has the quantum numbers
of the quark, i.e., is the “physical” quark. This work has not yet been carried out. It is not yet clear of
what utility the quark propagator would be.
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VI. SELF-CONSISTENCY

We shall now try to determine to what extent the ansatz (4.2) concerning the ¢ =0 singularity in the elastic
matrix elements of I is self-consistent. Thus, we now will calculate the matrix elements of I. To begin,

for simplicity, we suppose the interaction I is a contact interaction of the form

I =X[q(x)]? + counterterms .

Let us first calculate the matrix elements of ¢® between the “good” hadron states:

<qu(0)2|G'>=§<qu(0)lB><qu(0)lG'> .

(6.1)

We consider in particular the elastic matrix elements between states of the same spin. We use the wave

functions (4.4) to find

<GyJ, My .- |Q(0)2\G',J; /J'l,

= [ 2 0B s 6B (B-6) 0 (B G, Bo) Ty (B, (6.2

where it will be helpful to denote the argument of the wave function as B -G rather then » =-(B-G)%. It
will be useful to define a single invariant form factor by multiplying the above by a tensor!?

M”l'“u.f'"],.'" p}(G’G,)

and contractingon p,« - - u5. As £-0, (6.3) will reduce to —ghibi. ..,

(6.3)

so the corresponding form factor

is equivalent to an average over the spin states. We then obtain

r40- [ oy @1y G(Bz"LmBZ)G(BD)qJ*(B'G)q‘r(B-G')P.r<

G:G'mg®+B-G'B-G )

mGZ[_mBZ +(B . G)Z/m02]1/2[__m32 +(B N GI)Z/mGZ]]./Z

(6.4)

Since the matrix elements (B|q|G) were obtained from a linear differential equation in %, they are de-
fined up to an over-all normalization factor. Consequently, FZ(0)>0 but is otherwise arbitrary at this
point. We also note that FJ is smooth near £=0, so the virtual quark in one hadron will feel no singular

potential with respect to another.

We can now calculate the corresponding matrix element of I between the states | B):

F()=(B| qle’>=GZE(BIqIG,J><G,qulB’>

=% (2n)3 5 067+ m?) (GO (B - 6)d’ (B -GIP? (B - BY), (6.5)

where

Bre B-B'+(B'*GB-G/my%)
¢ [=mg2 +(B- G2 /mg? ]2

If in the integrations in (6.5) we let G — (mg/mp)B,
we see that each term in (6.5) becomes identical to
(6.4). Therefore, we find

mg? g2
BH)=Y, m02 J(mcz t) . (6.7
GI B B

Consequently, we see that as t—0

Bg - (6.6)

I

o(o) (6.8)

where Iy = )\I«}, .

We note that, as a consequence of our initial
ansatz, we have obtained a mass spectrum which
extends over an infinite range. Therefore, the sum
over this spectrum in (6.8) extends to infinity.
Further, the constants FZ(0) are, at this point,

T

arbitrary positive numbers. Therefore, we should
choose them to behave for large m; and J so that
the sum in (6.8) diverges as ¢#-0 in such a way as
to represent the singularity in our initial ansatz,
(4.2). To compute the necessary constants, we re-
quire a calculation of the spectrum m? as a func-
tion of (r,J) when they are both large. This re-
quires an evaluation of (5.4) for general, large val-
ues of #» and J. To study the form of the singulari-
ty near =0, we also require the WKB wave func-
tions. Neither of these calculations has been made
so far. However, to the extent that the diverging
mass spectrum with positive FZ(0) makes an ar-
bitrary singularity at #=0 possible, consistency
may be achieved.

The physical picture is, however, clear. The
heavy hadrons are larger and larger, since they
correspond to a virtual quark rattling in the os-
cillator well provided by the bad particle. This
allows self-consistency, the generation of the walls
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of the well by the interaction of the quark with a
virtual quark present in the bad particle being re-
garded as formed from a hadron and the quark.
Since there are an infinite number of ways that
this can occur, we get the infinitely high walls.
The quark force need not be large. Its strength
only mainly affects the hadron level spacing.

VII. INTERNAL SYMMETRY

The picture we have developed now allows us to
discuss the consistency of our dynamical mechan-
ism with the internal quantum numbers of quarks.
We shall begin by assuming that the quarks are
coupled through a neutral vector-meson glue, that
is, we assume that we have a field equation of the
form

[W‘(% 3,,> + M] q(x) =g v -A(x)q(x)
and

(-0 + *)AH(x) = g[q(x)r*, q(x)]. (7.1
Then (7.1), taken between B and G states, becomes
[v:(G-B)+m|(Blq|G)

=g§)<BlA“|B'>yu(B'lqu>. (1.2)
Further,
[(B-B')+X](B|A*|B")
=g§)<Blcﬂ8>7“<s|q\B')

-g2(Blql G){GIq|B") .
G
(7.3)

We imagine inserting the solution of (7.3) into
(7.2). We then will draw pictures to represent the
terms in this formula. The picture of (7.2) and
(7.3) is given in Fig. 1. The analogous equations
for the antiquark operator g are.represented in
Fig. 2. These figures are not Feynman diagrams
but merely a representation of the above formulas.

FIG. 1. Picture of (7.2) for the quark field ((B;|q|G)).

The qualitative feature provided by the vector-
meson glue is that of an attraction in the ¢7 inter-
action and repulsion in the qq or gq interaction.
We denote with s a state which, at this point,
may be good or bad. If our mechanism is to be
self-consistent, we should have a deep well in the
channel with attraction, and, as a consequence, a
linearly rising Regge spectrum of states for the
hadrons described as an excited quark moving in
the well. It is clear that this is self-consistent
with the first terms in Figs. 1 and 2; that is, if
we input a singular well, we will obtain a spec-
trum which leads to a singular well as discussed
in Secs. IV, V, and VI. If, however, the mecha-
nism is to be stable, we should not have to worry
about cancellations which could come from the
repulsive second term in Figs. 1 and 2. Hence the
states s; and s, must not lie on infinitely rising
Regge trajectories, that is, they must be bad. We
shall discuss in a moment the dynamical consis-
tency of this assumption. Let us suppose that the
quark carries a baryon number b,. The baryon
numbers of the states G, B,, etc., we call
bg, bg,s - .. . We then have the relations which
follow from conservation of baryon numbers in
Figs. 1 and 2,

bg=b,+bg,
bg = =b, +b, ,
bg, =bs, +b,,

bg,=bs,—b,.

If we express the baryon numbers of the bad states
coupled to G in terms of b; and b,, we have

bp,=bg — by,
b, =bg —2b,,
bs,=be +2b,,

bp,=bg +b,.

Ql

Bz

FIG. 2. Picture of (7.2) for the antiquark field (B,|7lG)).
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FIG. 3. Picture of (7.1) for the matrix element {slq|By) .

Therefore, a good channel with baryon number b,
must be coupled to four neighboring bad channels
with baryon numbers bg —2b,, bg =b,, bg+b,,

bg +2b,. We see that this pattern will be consis-
tent with no good particles in bad channels and
with TCP only if by =0, £3b,, +6b,, etc. It is
natural to put the arbitrary unit b, =%, so bg

=0, +1, +2, etc. Further, if the quarks are SU(3)
triplets with triality £=+1, the above rule is
equivalent to the statement that all good hadrons
must have zero triality. Further, #p =¢, =-1 and
g, =15, = +1 will be the trialities of the four neigh-
boring bad channels, which are coupled by the
quark field operator to the good channel. Natural-
ly, the B, with b,=% is the physical quark.
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We must finally check whether or not the hypoth-
esis that the states s, and s, are bad is dynamical-
ly self-consistent. Therefore, we must study the
equations for the matrix elements

(s;1q|B;y) (and(s,|gq|B,)).

We study the first of these. The calculation for the
other is the same. The equation for ¢s,|¢|B,) is
pictorially represented in Fig. 3, where B, couples
to the good hadrons, G’, with baryon number b,
—-1. We see, however, that the effect is one of a
repulsion in the channel with the singular potential.
We might worry that the coupling to a singular re-
pulsion would lead to a catastrophe of the sort
which occurs in the nonrelativistic Schrédinger
equation with a potential =72, If we return to (5.2),
we find that this is not so. If we reverse the sign
of y in (5.2), we find that it has perfectly accept-
able solutions corresponding to an open channel,
i.e., particles which can separate. (G is replaced
by B,, B by s,.) The wave function has an asymp-
totic form for large z, e*2(/MV*%  There is,
therefore, no discrete quantization in the channel
B,. However, in the crossed channel, |5, B),
there can be quantization, but only with a finite
number of states produced. We see this if we look
at (5.2), with mg ~myp,, mp—m, ,and with y— —y,
corresponding to the singular repulsion in the
second term in Fig. 2, ‘and with z < -1, corre-
sponding to the crossed channel. We have in this
case the equation [we take the form (5.3)]

[(mtn >2 -1 —<Zf‘>2 +2 Zjl z] Qs = —Y[(zz - 1)(%)2 + %—;;I(:I;- 1)] Q'
or 1 1 1 (7.4)
(o] e - =22

When z - —~, the bounded solution is

2 (Mg, \V2
Q~exp [—; <7ﬂs_1> (—z)”z] 3
which leads to the possibility of bound states.
However, we see that when J> 1, the “potential”
is always of one sign. Therefore; there is no val-
ue of mjp, which leads to an eigenvalue of (7.4). 1t
J =0, there is at most a finite number. Therefore,
at best, we could find a few discrete channels.
These would depend on the details of the other ef-
fects not contained in (7.4). The asymptotically
high spectrum would be continuous. Therefore,
again our mechanism is consistent with the ab-
sence of a linearly rising trajectory for the bad
particles.

r

VIIL. DISCUSSION AND CONCLUSIONS

We have illustrated how it is possible to keep
quarks inside of hadrons, if we allow an interac-
tion operator (that is, a relativistic potential) to
have matrix elements between certain states which
are sufficiently singular at zero momentum trans-
fer so that it becomes equivalent to a differential
operator in the virtual quark mass. We have seen
that if this singularity is in elastic matrix ele-
ments, it need not violate any sacred relativistic
law. On the other hand, since the ordinary hadrons
have matrix elements of this operator with smooth
behavior, there will be no unusual long-range ef-
fects expected to act between them. We have seen
that the singularity at ¢=0 could be expected to be
self-consistent, that is, a consequence of itself.
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Further, the states with the peculiar form factors
could not be produced in any process involving in-
coming ordinary hadrons.

The mechanism we have provided is analogous
to that which produces the distorted potential which
acts between an electron and its image charge in
a highly charged atom. Indeed the analogy might
be even closer if we did not take the limit p -0 in
(4.2), that is, if we let the well for the quark be
deep but finite. In this case, the uniform spacing
of hadron levels would be a low-mass approxima-
tion. As the mass increases, the levels would be-
gin to converge to an “ionization” limit. In this
case, one would forecast the appearance of real
quarks on the “outside.” The problem would be
one analogous to barrier penetration with the rise
of the cross section for quark production related
to the curvature of the Regge trajectory.

We remark in conclusion that the idea presented
here is most attractive because it is fairly simple.
A few moments’ reflection will convince one that
if it turns out to be correct, it might allow one to
reconcile many of the seemingly contradictory ap-
proaches to problems in strong interactions.
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APPENDIX A

We first wish to evaluate (5.4), when J is large.
In this case mgy/mg becomes large, so we drop
the terms 1 —(m/mg)? inside the root in (5.4). Let

x=mg/mg .
We then have for (5.4)

(n+%)ﬂ=f dz,} (";‘39162\) _(zzle)z]‘/z . (A1)

The real positive roots of the cubic equation in z,

(x2=2x2)(22 =1) =yJ2=0,

define the range in (Al). Let us put
z2=x¢.
Then with x large we find

o 1 d 1 J2 1 \/2 .
y(r;+2)11= 7‘5‘('2*2'%‘" E) . (A2)

As x increases for fixed n, the integral should

vanish. As yJ2/x*~3, the range of ¢ becomes a

vanishing interval around ¢ =%. Thatis, x and J
are both consistently large. If we evaluate (A2) in
this limit, taking the leading and next-to-leading
terms in (A2) we obtain the first result in (5.5).
Similar analysis yields the second form in (5.5).

APPENDIX B

It will be convenient to define unit timelike vec-
tors

gh=G"/mg, g'"=G'"/mg, b¥=B"/mpy
so that

A 1
Bg=(b"+g“b'g)w_—1]1—/2'=bg.

Likewise,

1
Be(olaplp o ) L
gh=(g"+b*b g)[(b gF -1

is a unit spacelike vector.
Then we want to find a tensor

MHEL 1, Ul---uJ(g’g’)
so that

T,{l... ﬂJ(bA’)Tir"VJ(bs")Mu""‘ Byttt vy (g o)

=Pl(gb'g£)a

(B1)
where
& 81=(g-g'+g-bg'b)
1
X [(g-0F-1]""[(g -bF —-1]"2 " (B2)
Let us suppose L*, has the properties
gh=LVg",
LF LB, =08, (B3)
L'"bub,=g-g';
then

Lﬂlvl RN L“JVJ Til' "”J(bg') = T{‘I"' “J((Lb)g) ’
where

(20), -{(20)+ 500 £ =g -

Then if we use (4.6) and (B3) we find
Tﬁy--u‘,(bg)(-[l"l"l ce L”J"J)T‘Jln_u‘,(bgl) =P (g, gl) .

(B4)
We note that

Luu=_guug'g’+g;;gv _gugxl;'*'ieuuaﬂg’agﬂ (B5)
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satisfies (B3). Further, in (B4), we can drop all
terms in L...L of the form g"i or g'”i, since they
give no contribution. In this way we obtain M. We

K<)

see that as g— g’, MM " F7.%1""* U7 hecomes
g“l”l . og”J”J.

*Work supported by the U. S. Atomic Energy Commis-
sion.

fJohn Simon Guggenheim Foundation Fellow, 1971.
Permanent address: Physics Department, MIT,
Cambridge, Massachusetts 02139.

!G. F. Chew and S. C. Frautschi, Phys. Rev. Letters
7,394 (1961).

%F. Giirsey and L. Radicati, Phys. Rev. Letters 13,
173 (1964).

R. Dalitz, in Proceedings of the Thivteenth Intevna-

tional Confevence on High Energy Physics, Bevkeley,
1966 (Univ. of California Press, Berkeley, 1967);
G. Morpurgo, in Proceedings of the Fourteenth Intev-
national Confevence on High Enevrgy Physics, Vienna,
1968, edited by J. Prentki and J. Steinberger (CERN,
Geneva, 1968).

‘M. Gell-Mann, Physics 1, 63 (1964).

5J. 8. Ball and F. Zachariasen, Phys. Rev. 170, 1541
(1968); D. Amati, L. Caneschi, and R. Jengo, Nuovo

Cimento 58, 783 (1968); D. Amati, R. Jengo, H. R.
Rubenstein, G. Veneziano, and M. A. Virasoro, Phys.
Letters 27B, 38 (1968); M. Ciafaloni and P. Menotti,
Phys. Rev. 173, 1575 (1968); M. Ciafaloni, Phys. Rev.
176, 1898 (1968).

8S. D. Drell and T. D. Lee, Phys. Rev. D 5, 1738
(1972).

"L. Van Hove, Phys. Letters 24B, 183 (1967); L. Du-
rand, Phys. Rev. 161, 1610 (1967); S. Mandelstam, Phys.
Rev. 166, 15639 (1968).

8G. Veneziano, Nuovo Cimento 5TA, 190 (1968).

%J. Kuti and V. F. Weisskopf, Phys. Rev. D 4, 3418
(1971).

Wgince the singularity is only in the elastic matrix
element, ¢ will always be negative in (3.2), and we
thereby avoid unphysical, “timelike” excitations in
the oscillator well.

1see Appendix A.

125ee Appendix B.

PHYSICAL REVIEW D

VOLUME 6, NUMBER 4

15 AUGUST 1972

Simple Bound-State Model of the Physical Nucleon*

T. D. Lee
Columbia University, New York, New York 10027
(Received 1 May 1972)

A simple, but bona fide, local field-theoretic model is presented which illustrates the re-
cently discussed bound-state concept of the physical nucleon. The scaling properties of W
and vW, functions in the deep-inelastic electron scattering are shown to be valid in the energy
range in which the laboratory virtual-photon energy v, in units of GeV, is larger than O (1) but
less than O(exp(e™!)) where € is a small, but nonzero, free parameter, assumed to be
<0 (1071). In this model, one of the constituents of the physical proton p is a local spin-}
charged field operator ¥ (x), and the usual “pointlike” assumption for the electromagnetic ver-
tex of the constituent emerges simply as the standard minimal electromagnetic interaction in

a local field theory.

I. INTRODUCTION

In a recent paper,® it was suggested that the
scaling property in deep-inelastic electron scat-
terings can be established by regarding the physi-
cal nucleon p as a bound state of a “bare” nucleon
and a “bare” meson (or a few bare mesons). In
particular, rigorous statements concerning scal-
ing and its connection with elastic form factors
can be derived for specific bound-state solutions
of the Bethe-Salpeter equation with the ladder ap-
proximation. An important question is to inquire
whether scaling holds outside the ladder approxi-

mation. It was pointed out in the same paper (Sec.
V E) that the scaling property remains valid if one
includes also crossed diagrams; however, devia-
tions from scaling could arise due to higher-order
radiative corrections in which virtual gluons (or
mesons) are emitted and absorbed by the same
“bare” nucleon. For example, let ¢(x) denote the
spin-0 gluon field through which the covariant
binding potential is generated, and let f be the re-
normalized coupling constant between ¢(x) and the
spin—% bare nucleon field y(x). In a perturbation
calculation, there should be a fractional deviation
of W, and vW, structure functions from their scal-



